Aspergillus oryzae KBN8048 was selected as a strain exhibiting low level acid phosphatase activity in solid-state rice and soybean cultures for miso brewing. The activity was particularly low in the latter case, and was correlated with decreased dephosphorylation activity of IMP, an enhancer of miso palatability. Based on transcriptional properties, 13 acid phosphatase genes in the fungus were classified into type R and type S, which exhibited higher expression in solid-state rice and soybean cultures, respectively. Type R genes appeared to be up-regulated in response to acidic pH and limited phosphate availability in the culture via a pH-dependent transcriptional factor, PacC, and a functional counterpart of Saccharomyces cerevisiae Pho4p, which transcriptionally activates phosphatase genes under phosphate-limited conditions, respectively. On the other hand, existence of type S genes suggested an unknown mechanism that responds to inductive regulatory cue(s) other than pH and phosphate availability in solid-state soybean culture.
Introduction
Miso (fermented soybean paste) is a traditional fermented seasoning, and is widely used in Japan in traditional and modern cooking. It has recently attracted worldwide interest as a health-promoting functional food. One of the key factors in miso brewing is the use of koji culture, a solid-state culture of the filamentous fungus Aspergillus oryzae grown on rice, soybean, or barley. These cultures are rich in hydrolyzing enzymes, such as proteases and amylases, and are used as starter cultures in miso fermentation. The solid-state cultures of A. oryzae for fermented food production have been developed over a long period of time (Machida et al., 2008) . A variety of A. oryzae strains for industrial fermentations have been domesticated by manufacturers in various regions in Japan, and beneficial phenotypes, such as safety and hydrolytic activity, have been conserved and refined over time.
Miso is often supplemented with disodium salts of 5'-ribonucleotides, such as IMP and GMP, to increase palatability, even though these compounds are susceptible to dephosphorylation to insipid inosine and guanine, respectively. It appeared that acid phosphatases secreted from A. oryzae were involved in the dephosphorylation of the compounds (Oike et al., 1984) . It was recently reported that acid phosphatase A, encoded by aphA gene, in A. oryzae (genbank accession number AB042805 / AP007157) possessed IMP dephosphorylation activity (Yoshino-Yasuda et al., in press ). To inactivate the enzymes, miso needs to be heated during the manufacturing process (Oike et al., 1984) . This heat treatment results in browning and deterioration of flavor, thereby reducing the commercial value of miso. Therefore, using filter paper No. 5C (Advantec, Tokyo, Japan). The filtrates were subjected to enzyme assays. In addition, the solution was used for pH measurement of the solid-state cultures. Acid phosphatase activity was measured as described previously (Oike et al., 1984) using 0.5 mM p-nitrophenyl phosphate as a substrate in 100 mM acetate buffer (pH 4.0) at 30℃ for 20 min. Neutral protease and α-amylase activities was measured as described previously (Nishiya, 1993) . McIlvain buffer (pH 6.0) was used as the reaction buffer. To measure the IMP dephosphorylation activity, 1 mL of 20 mM IMP was mixed with 0.2 mL of 200 mM acetate buffer (pH 4.0), and incubated with 0.1 mL of dialyzed culture extract at 37℃ for 20 min. The reaction was terminated by adding 0.1 mL of 1 N NaOH, followed by neutralization with 0.1 mL of 1 N HCl. The liberated phosphate was measured using Pi ColorLock ALS (Innova Biosciences Ltd., Cambridge, UK). The unit of enzyme activity was defined as the amount of enzyme that liberated 1 µM of phosphate per min.
Quantitative RT-PCR Solid-state rice and soybean cultures were frozen in liquid nitrogen. The frozen cultures were ground to a fine powder using an Auto-Mill (Tokken Inc., Chiba, Japan) and subjected to RNA extraction using an RNeasy Plant Mini Kit with RNase-free DNase (Qiagen, Hilden, Germany). The total RNAs (250 ng) were used as templates for cDNA synthesis using a high capacity cDNA reverse transcription kit (Life Technologies, Foster City, CA). The 20-fold diluted reaction mixtures (5 µL) were applied to quantitative PCR (QPCR) analysis using an Mx3000P RealTime QPCR System (Agilent Technologies Inc., Santa Clara, CA, USA) with Brilliant III Ultra-fast SYBR Green Master Mix (Agilent Technologies Inc.). PCR primer sequences are presented in Table 1 . The RT-PCR product of each gene was cloned into a pCR2.1-TOPO or pCR4-TOPO vector (Life Technologies), and the resulting plasmid was used as a standard for absolute quantification of gene transcripts.
Quantification of inorganic phosphorus in culture extracts Ground fine powders of the cultures were prepared as described above and mixed with 5 volumes of water. The mixtures were incubated on ice for 10 min, followed by centrifugation at 20,000 g for 10 min at 4℃. Quantification of inorganic phosphorus in the supernatants was carried out using a Phosphor C test (Wako Pure Chemical Industries, Ltd., Osaka, Japan), with phosphoric acid as a reference standard.
Computational sequence analysis Homology searches were performed by using BLASTp to search the Aspergillus Comparative Database (ii). The search for functional domains was performed using the sequence search of the Pfam database (iii). Search for signal peptides was performed using Signal P 3.0 Server (iv).
an A. oryzae strain exhibiting low acid phosphatase activity is desirable for the production of miso supplemented with 5'-ribonucleotides. Disruption of the aphA gene in A. oryzae strain KBN630 resulted in only 20% reduction in acid phosphatase activity in solid-state soybean culture (Yoshino-Yasuda et al., in press) , suggesting another acid phosphatase (s) existed in the culture condition. Although a few acid phosphatases were purified from A. oryzae strain RIB-128 and the N-terminal amino acid sequences have been determined (Fujita et al., 2003a, b) , those sequences did not match any of the amino aid sequences annotated in the A. oryzae genome database (i). A comprehensive transcriptional analysis of the acid phosphatase genes in A. oryzae under solid-state culture conditions would be helpful in determining enzymes critical for acid phosphatase activity in the starter cultures for miso brewing.
Among 503 A. oryzae industrial strains in the library of Bio'c (Toyohashi, Japan), strain KBN8048 was selected as one of the most suitable strains for miso production, exhibiting lower acid phosphatase activity in both solid-state rice and soybean cultures than average values of strains in the library, while possessing preferable levels of protease and amylase activities. The acid phosphatase activity in solidstate soybean culture was approximately 4.7% of that in solid-state rice culture. To understand this activity profile at the genetic level and discuss possible approaches to further reduce the acid phosphatase activity of KBN8048 in solidstate rice culture, as well as of other industrial strains, we quantified the transcript levels of 13 acid phosphatase genes in A. oryzae KBN8048 under solid-state rice and soybean cultures.
Materials and Methods
Strain and culture conditions A. oryzae KBN8048 was used in solid-state rice and soybean cultures for enzyme assays and transcriptional analysis. For solid-state rice culture, the conidia (approximately 1.0 × 10 6 conidia/1 g of α-preprocessed rice) and 10 ml of water were mixed with 20 g of α-preprocessed rice (polishing ratio 90%), which was sterilized at 90℃ for 60 min, followed by incubation at 30℃ for 40 h. For solid-state soybean culture, soybean was soaked in water for 2 h and steamed for 40 min followed by autoclaving at 121℃ for 5 min. The sterilized soybean (30 g) was mashed, pelletized and coated with roasted barley flour, and subsequently inoculated with the conidia (approximately 1.0 × 10 6 conidia/1 g of soybean). The inoculated soybean pellets were incubated at 30℃ for 40 h. Enzyme assays For enzyme assays, solid-state cultures were mixed with 10 volumes of 100 mM NaCl and incubated at room temperature for 20 min, followed by filtration appeared to be sufficient for miso brewing. It is noteworthy that the acid phosphatase activity of the solid-state soybean culture was particularly lower than that of the solid-state rice culture. Moreover, IMP dephosphorylation activity in the solid-state soybean culture was lower than that of the solid-state rice culture (Table 2 ). This suggests that KBN8048, with its low IMP dephosphorylation activity, is a useful starter culture for the production of miso, particularly with respect to solid-state soybean culture, a culture method unique to the Chukyo region of Japan. Because solid-state rice culture is used nationwide as a starter culture for miso production, A. oryzae strains exhibiting low acid phosphatase activity are more desirable for miso brewing. Strain KBN8048 would be a suitable host strain in attempts to further reduce acid phosphatase activity in solid-state rice and soybean cultures by creating variants or modifying culture methods. Significant differences in KBN8048 acid phosphatase activity in solidstate rice and soybean cultures are of great interest. It is important to understand this activity at the genetic level in the development of solid-state rice culture exhibiting low IMP dephosphorylation activity using KBN8048 and the other industrial strains.
Acid phosphatase genes in A. oryzae The A. oryzae acid phosphatase genes identified using the Aspergillus Comparative Database (ii) are listed in Table 3 . The aphA gene was
Results and Discussion
Enzyme activities of A. oryzae KB8048 solid-state rice and soybean cultures Average acid phosphatase activities of solid-state rice and soybean cultures of 503 A. oryzae industrial strains in the fungal library of Bio'c were 334 ± 155 and 287 ± 188 units/g koji culture, respectively. A. oryzae KBN8048 was selected, due to its low acid phosphatase activity, as one of the most suitable strains for miso brewing. Acid phosphatase activities of this strain were 191 and 9 units/g koji culture in solid-state rice and soybean cultures, respectively (Table 2) . Growth rate, sporulation, and coloration of this strain were suitable for miso brewing, and when used for miso brewing on a factory scale, an acceptable quality level was observed (data not shown). Thus, neutral protease and α-amylase activities of the cultures (Table 2) Expression of A. oryzae Acid Phosphatase Genes in Solid-State Cultures Table1. QPCR primers used in this work.
Primer
Sequence (5' to 3') 
a Referring to the A. oryzae genome database (i).
quantitative RT-PCR. Based on transcriptional profiles, these genes were categorized into type R and type S, which showed higher expression in solid-state rice and soybean cultures, respectively (Fig. 1) uda et al., in press) , which shares 66% amino acid sequence identity with an A. niger phytase encoded by the phyA gene (genbank accession number AAA16898). A. niger phyA gene expression was derepressed at low extracellular phosphate levels, and phytate was not required for the derepression (van Hartingsveldt et al., 1993) . A. oryzae AphA possessed not only phytase activity but also dephosphorylation activity toward 5'-ribonucleotides such as IMP and GMP (YoshinoYasuda et al., in press ). Regulation of aphA gene expression in A. oryzae has not yet been investigated. AphA was classified into the histidine phosphatase superfamily (branch 2) (Pfam ID: PF00328) by a sequence search of the Pfam database (iii). In the A. oryzae genome, 7 genes (i.e., aphB-H) were identified as homologs of the aphA gene (Table 4 ) by a BLASTp search of the Aspergillus Comparative Database (ii), using the amino acid sequence of AphA as a query (E-value cut off of 1.0E −15 ). Moreover, as homologs of phosphate repressive acid phosphatases in Penicillium chrysogenum and A. niger, whose genbank accession numbers are M80366 and AAA32700 (Haas et al., 1992 , MacRae et al., 1988 , aphI-K and aphL-M genes were identified, respectively, from the database (Table 4) in the same manner as described above. The aphI-K and aphL-M genes were categorized into the phosphoesterase (Pfam ID: PF04185) and calcineurin-like phosphoesterase families (Pfam ID: PF00149), respectively, by a sequence search of the Pfam database (iii) ( Table 4 ). These 13 A. oryzae acid phosphatases appeared to be extracellular enzymes, because a signal peptide was predicted at the Nterminus of each amino acid sequence (data not shown). in a rice grain exists as phytate in the outer layers, which is almost completely removed by removal of the outer 13% of the kernel, while more than 50% of total phosphorous in soybean exists as phytate (Maga, 1982) . Overall, when these two culture conditions are compared, the acid phosphatase genes in A. oryzae KBN8048 are more likely to be induced in solidOn the other hand, modulation of the regulatory mechanism is expected to be useful for efficient reduction of acid phosphatase activity. Therefore, precise understanding of the regulatory mechanism(s) is required. Acid phosphatase genes of the genus Aspergillus are known to be transcriptionally up-regulated under acidic pH and phosphate-limited conditions (MacRae et al., 1988 , Tilburn et al., 1995 , van Hartingsveldt et al., 1993 . As presented in Table 5 , pH and inorganic phosphorous levels differed significantly between the extracts of A. oryzae KBN8048 solid-state rice and soybean cultures. The pH of solid-state rice culture was acidic, while it was above pH 7.0 in solidstate soybean culture. The phosphate source appeared to be smaller in solid-state rice culture prepared with polished rice. In support, it was reported that the majority of phosphorous Expression of A. oryzae Acid Phosphatase Genes in Solid-State Cultures respectively. The pH regulation of gene expression in fungi has been well studied in A. nidulans, and the regulatory machinery is conserved in other species (Denison, 2000) . A variety of genes involved in primary and secondary metabolism and developmental processes are regulated by ambient pH, and pH regulation of acid and alkaline phosphatases in A. nidulans is a classical example (Denison, 2000) . The pal genes (palA, B, C, F, H, and I ), responsible for the ambient signal transduction pathway, and pacC gene, encoding a Cys 2 His 2 zinc finger transcription factor (Denison, 2000) , were found in the A. oryzae genome by homology-based search (data not shown). PacC binds to 5'-GCCARG-3' sequences in the promoter region of target genes, and activates and represses alkaline-and acid-expressed genes, respectively, in response to ambient pH (Tilburn et al., 1995) . In addition, negative regulation by PacC was suggested to be indirect for some acid-repressed genes (Denison, 2000) . Within 1000 bp upstream of the putative translation start site, PacC binding sequences were found in 9 of the 13 acid phosphatase genes (Table 6 ). Taken together, there can be little doubt that the acid phosphatases are under the control of PacC, and the upstream pH signal transduction pathway mediated by the pal genes in A. oryzae. Transcript levels of the type R acid phosphatase genes in KBN8048 in solid-state rice culture might be reduced by artificially increasing the pH of the culture or modulating factors involved in fungal pH regulation. However, because a variety of biological processes in fungi are under the control of PacC, artificial modifications to pH regulation in A. oryzae might lead to undesirable effects on other enzyme activities such as proteases and amylases, which are crucial for state rice culture. To support this hypothesis, transcript levels of type R acid phosphatase genes, except for aphF, were significantly higher in solid-state rice culture than those in solidstate soybean culture, even though the activity in this strain (191 unit/g koji culture) was lower than the average value (334 units/g koji culture) of the 503 industrial strains. On the other hand, the existence of type S acid phosphatase genes, whose transcript levels in KBN8048 were higher in solidstate soybean culture, suggested the existence of unknown regulatory cue(s), other than pH and phosphate availability, as well as the regulatory mechanism(s) involved in the induction of acid phosphatase genes in solid-state soybean culture. It should be noted that KBN8048 acid phosphatase activity in solid-state soybean culture (9 units/g koji culture) was particularly low among the A. oryzae industrial strains. While this might be attributable to a defect in the unknown induction mechanism, we cannot exclude the possibility that the acid phosphatase activity was decreased at the post-transcriptional or translational level. Comparative analyses of pH, phosphate availability, and acid phosphatase expression in various industrial strains may provide critical information about the correlation between these regulatory cues in solidstate cultures and acid phosphatase gene expression.
Possible acid phosphatase gene regulatory mechanisms in A. oryzae KBN8048 solid-state cultures In general, gene transcription is regulated in a coordinated manner by broad and pathway-specific regulatory factors responding to environmental conditions and stimuli. In the case of the acid phosphatase gene, ambient pH and the availability of inorganic phosphate in the external environment is critical in the regulation via broad and pathway-specific regulatory factors, regulatory mechanism of the acid phosphatase genes in KBN8048, as well as in other industrial strains employed in solid-state cultures for miso brewing, is of bioindustrial and scientific interest. In the genus Aspergillus, there is a single PHO80-like cyclin involved in the PHO regulatory pathway (de Gouvêa et al., 2008 , Wu et al., 2004 . However, CDK and the corresponding CDK-inhibitor for the regulatory pathway have not yet been identified in the genus. In A. nidulans CDKs, despite that the PhoA and PhoB CDKs shared the highest levels of amino acid sequence identities with Pho85 CDK (66% and 68%, respectively), they did not function in the PHO regulatory system but in cell cycle control and morphogenesis (Dou et al., 2003) . As in A. nidulans, A. oryzae possesses two genes, putatively encoding CDKs sharing over 65% amino acid sequence identity with Pho85p, while the other 11 putative protein kinases shared 50% -30% identity with Pho85p (data not shown). The physiological roles of these protein kinases remain to be elucidated. Direct evidence regarding CDK dependent transcriptional regulation of the acid phosphatase genes in A. oryzae will be useful to appropriately control acid phosphatase activity in the solidstate culturing of starter cultures for miso brewing.
Conclusion
The availability of the annotated genome sequence for A. oryzae and recent advances in experimental techniques have enabled a comprehensive analysis of gene expression in solid-state culturing, which is characteristic of the industrial use of the fungus. Comparison of gene expression in the industrial strain between solid-state rice and soybean cultures sheds new light on the diversity of miso brewing that is uniquely conserved in various regions around Japan. Acid phosphatase activity is a major determinant of the stability of 5'-ribonucleotides such as IMP, which is used to enhance the palatability of miso, and levels vary according to the A. oryzae industrial strain. A. oryzae KBN8048 acid phosphatase activity was lower than average values for the 503 industrial strains in both solid-state rice and soybean cultures, and the level was particularly low in the latter case, a culture method characteristic of miso brewing in the Chukyo region of Japan. Using homology-based searching, we identified 13 acid phosphatase genes in A. oryzae. Transcriptional expression of these genes should be regulated in a coordinated manner by the PHO regulatory pathway, pH regulation and the other unknown mechanism(s). Further studies on the regulatory mechanisms of fungal acid phosphatase genes will yield new insights to efficiently reduce their expression levels. Compared to solid-state soybean culture, solid-state rice culture, which is used nationwide for miso brewing, might be more likely to induce acid phosphatase gene expression, even in miso brewing. Therefore, modulation of the pathway-specific regulatory mechanism seems to be a more practical approach to specifically reduce acid phosphatase activity in the fungus.
In fungi, the gene regulatory mechanisms involved in acquisition, metabolism and storage of inorganic phosphate, an essential nutrient for all organisms, have been well studied in Saccharomyces cerevisiae and are known as the phosphatase (PHO) regulatory system (Oshima, 1997) . In summary, under phosphate sufficient conditions, a basic helix-loop-helix (bHLH) motif containing transcriptional activator Pho4p in S. cerevisiae is phosphorylated by the Pho85p-Pho80p cyclindependent protein kinase (CDK) -cyclin complex and eventually excluded from the nucleus. Pho81p, a CDK inhibitor, inhibits phosphorylation under phosphate-limited conditions. The unphosphorylated Pho4p accumulates in nuclei and activates target genes by binding to the promoter region of its target genes by recognizing 5'-CACGTK-3' sequences, which are characteristic of bHLH motif-containing transcription factors (Oshima, 1997) . In filamentous fungi, the PHO regulatory system has been studied in Neurospora crassa, A. nidulans, and Aspergillus fumigatus. The counterparts of Pho4p in N. crassa and A. nidulans were characterized as NUC-1 and PalcA, respectively. Under phosphate-limited conditions, these bHLH transcriptional factors activate transcription of the genes involved in phosphate metabolism, including acid phosphatase (Kang and Metzenberg, 1990, Wu et al., 2004) . In A. oryzae, the gene AO090102000623, which is annotated in the genome database (i), encodes a bHLH motif-containing protein with 34% and 61% amino acid sequence identity with NUC-1 and PalcA (E-values 4e −57 and 0, respectively), suggesting that the acid phosphatase genes in A. oryzae are regulated by PHO regulatory system. All 8 type R acid phosphatase genes possessed Pho4p binding motifs within 1000 bp upstream of the putative translation start sites (Table 6 ). On the other hand, among the 5 type S acid phosphatase genes, only 2 genes (i.e., aphB and H) possessed the motifs (Table 6 ). Therefore, under a solid-state rice culture condition with limited phosphate availability, compared to solid-sate soybean culture, transcriptional expression of type R acid phosphatase genes in KBN8048 might largely depend on the bHLH transcriptional factor encoded by the AO090102000623 gene. Exogenous addition of phosphate might be effective in down-regulating expression levels of type R acid phosphatase genes in solid-state rice culture of the fungus. In our preliminary analyses, acid phosphatase activity of the fungus in solid-state rice culture was reduced in a concentration dependent manner by addition of phosphate to the culture (unpublished result). Transcriptional responses of type R and type S genes will be analyzed in detail and reported elsewhere. Moreover, the phosphate-dependent KBN8048, due to the acidic pH and limited phosphate availability. We demonstrated that transcriptional expression of the 7 type R acid phosphatase genes was highly up-regulated in KBN8048 solid-state rice culture. Down-regulating these genes would further reduce the acid phosphatase activity of this strain, and the PHO regulatory pathway in A. oryzae appears to be a good target for this down-regulation. Both forward and reverse genetic approaches to test this hypothesis are currently underway.
